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blue lasers by nonlinear optical frequency conversion. Many 
applications of the 1342 nm laser, especially silicon mate-
rial processing, benefit much from a nanosecond pulse with 
high power, high-repetition-rate, and high-beam-quality.

Active Q-switching is a typical technique for produc-
ing high-repetition-rate pulsed lasers. Ma et al. showed a 
Q-switched active electro-optical pulsed laser with a mini-
mum pulse width of 2.4 ns, a maximum repetition rate of 
100 kHz, and a maximum average output power of 2.42 W 
[5]. The maximum average output power of 3.2  W was 
achieved at the pulse repetition frequency (PRF) of 10 kHz 
and the pulse width of 4.7 ± 0.1 ns for the PRF from 2 to 
10 kHz [6]. Zhao et al. presented an average output power 
of 2.64  W acousto-optical (A-O) Q-switched Nd: YVO4 
laser with a PRF range of 5–40 kHz [7]. A high-power high-
repetition-rate acousto-optically Q-switched 1342 nm laser 
was presented with an average output power of 11.2 W and 
pulse width of 60 ns at a repetition rate of 50 kHz [8]. Com-
pared with the electro-optical Q-switch, the A-O Q-switch 
does not require a high-voltage driver and has no piezoelec-
tric ring effect under a high repetition rate. However, the 
pulse width is generally in tens or hundreds of nanoseconds, 
which is difficult to be narrowed especially at a high rep-
etition rate (such as 100 kHz). The average power is only 
several milliwatts to several watts. In addition, with the 

1  Introduction

The high-power nanosecond laser at 1342  nm possessing 
high-repetition-rate and high-beam-quality has extensive 
applications in semiconductor manufacturing, frequency 
conversion, and scientific research [1–4]. Compared to the 
1064  nm laser, the 1342  nm laser has a ten times higher 
absorption in water and a one-third extinction in blood, mak-
ing it the perfect laser source for surgical procedures. The 
pulsed laser at 1342 nm is normally used to generate red and 
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Abstract
A master oscillator power amplifier (MOPA) pulsed laser operating at 1342 nm is demonstrated. It consists of an acousto-
optical (A-O) Q-switched oscillator and two-stage Nd: YVO4 power amplifiers. The spherical aberration self-compen-
sation technique is used in the second stage amplifier to obtain high-beam-quality laser output. The maximum average 
output power of 20.4  W is obtained with the oscillator power of 2.0  W and the total pump light power of 184.08  W, 
corresponding to an optical-optical efficiency of 11.08%. The repetition rate and pulse width are 100 kHz and 14.8 ns, 
respectively. The beam quality factor is Mx

2=1.45 and My
2=1.34. According to our knowledge, this is the maximum 

output power with a pulse width of ten-nanoseconds level and repetition rate of one-hundred-kilohertz level by an A-O 
Q-switch at the wavelength of 1342 nm.
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further increment of the average power, the beam quality 
will deteriorate.

In this letter, we demonstrate a high power, short-pulse-
width, high-repetition-rate, and high-beam-quality master 
oscillator power amplifier (MOPA) laser at 1342 nm. The 
A-O Q-switched oscillator is designed to generate a high-
repetition-rate and short-pulse-width laser, and the ampli-
fiers are used to obtain high power and manage the beam 
quality. An average output power of 20.4 W is obtained with 
an oscillator power of 2.0 W. The repetition rate is 100 kHz 
with the pulse width of 14.8 ns, and the laser beam quality 
factor of Mx

2=1.45 and My
2=1.34.

2  Experimental setup and design

The experimental setup is illustrated in Fig. 1. It consists 
of an A-O Q-switched oscillator and two-stage double-pass 
Nd: YVO4 power amplifiers. In the oscillator, a fiber-cou-
pled diode laser (LD 1) is used for pumping with a cen-
tral wavelength of 808 nm and a maximum output power 
of 10  W with a diameter of 200  μm in CW mode (from 
nLIGHT, Inc.). Using a 1:1 coupler system (Coupler 1), 
the pump light is focused into the laser crystal with a spot 
radius of 100 μm. The a-cut 0.3 at% Nd-ion concentration 
Nd: YVO4 (3 mm×3 mm×8 mm) is thermally bonded with 
a YVO4 end cap (3 mm×3 mm×2 mm) (from CASTECH 
Inc.) which can suppress the thermally induced aberrations. 
Both end surfaces of the laser crystal are anti-reflection 

Fig. 1  Experimental setup for 1342 nm MOPA system
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(AR) coated at 808 nm, 1342 nm and 1064 nm (to ensure the 
radiation of 1064 nm would not oscillate). M1 is a rear mir-
ror with a curvature radius of 100 mm. Its flat face is coated 
in high-transmission (HT) at 808 nm and 1064 nm, while 
its concave face is coated in high-reflection (HR) at 1342 m 
and HT at 808 nm and 1064 nm. The output coupler mirror 
M2 is concave with a curvature of 75 mm and the transmis-
sion (T) at 1342 nm is 18%. A 1342 nm A-O Q-switch is 
inserted between the output mirror M2 and the laser crystal.

The gain should be high enough in the cavity to obtain 
a narrow-width pulse in the oscillator. The physical cavity 
length (40 mm) is designed to be as short as possible, and the 
radius of the pump light in the crystal is designed to be only 
100 μm. Furthermore, to lower the pulse rise time, the laser 
beam radius on the A-O crystal should be small enough, but 
the laser divergence angle should not be too large, which 
would limit the diffraction efficiency. A simulation of the 
laser reproducing-itself (TEM00, i.e., ideal Gaussian beam) 
radius distribution in the cavity is shown in Fig.  2. The 
crystal’s length in the simulation is the same as that in the 
experiment, consisting of 2 mm of YVO4 and 8 mm of Nd: 
YVO4. The crystal (thermal effect) is considered to be a per-
fect thermal lens with the focal length of 90 mm (measured 
by using a HeNe laser beam to pass through the crystal, the 
distance between the crystal and the focus of HeNe laser) 
acting at the bonding surface (dashed line in Fig.  2) and 
a refractive index of (2.1) The Q-switch crystal is 16 mm 
long and has a refractive index of (2.2) As the simulation 
results show, the beam radius on the left and right sides of 
the Q-switch crystal is only around 87.6 μm, and the diver-
gence angle is just about 0.1 mrad. Thus, the transit time of 
the acoustic wave across the laser beam decreases and the 
pulse width is reduced effectively.

After the oscillator, the two-stage double-pass amplifiers 
are used, as shown in Fig. 1. Both amplifiers have the same 

structure. The fiber-coupled diode lasers (LD 2 and LD 3) 
are used for pumping with the central wavelength of 808 nm 
and a maximum output power of 100 W in CW mode. With 
the coupler systems (Coupler 2 and Coupler 3), the pump 
lights are focused into the laser crystals and can be adjusted 
to different sizes. The a-cut 0.3 at% Nd-ion concentration 
Nd: YVO4 (3  mm×3  mm×20  mm) is thermally bonded 
with a YVO4 end cap (3  mm×3  mm×2  mm). Both end 
sides of the crystals are AR coated at 808 nm, 1342 nm and 
1064 nm. Figure 3 depicts the beam radius versus propaga-
tion distance in the amplifiers. The oscillator’s beam with a 
radius of 92 μm on the M1 is projected into the Nd: YVO4 
(Crystal 1) with a magnification of 2.5 by lenses L1 and L2 
with a focal length of 100 mm and 250 mm, respectively. 
The distance between L1 and L2 is 350 mm. The laser beam 
radius is 230 μm in the Nd: YVO4. As mentioned in Ref. [9], 
the output beam quality quickly degrades due to the severe 
heating effect caused by the focused pump if the pump beam 
radius in the amplifier is set too low. If the pump beam radius 
is too large, the gain intensity decreases, which weakens the 
gain guiding effect and decreases beam quality. The opti-
mum pump beam radius in the Nd: YVO4 is 210 μm which 
is about 0.9 times of laser beam radius. After the laser beam 
passes through the first amplifier, the beam is then reflected 
by the mirror (M3) and goes back into the amplifier again. 
The M3 is placed as close as possible to Crystal 1 and is HT 
coated at 808 nm and HR coated at 1342 nm.

The spherical aberration self-compensation technique 
is used in the second stage amplifier to obtain high-beam-
quality laser output [10–13]. The design is as follows (as 
shown in Fig. 3): The Crystal 1 is at the position of 700 mm. 
The crystal has a positive spherical aberration after being 
heavily pumped, so the laser beam has a positive spherical 
aberration after passing through Crystal 1 at the position of 
700 mm. The beam first converges after Crystal 1 and then 

Fig. 2  The calculated beam radius 
distribution in the oscillator
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maximum output power value could be maintained in the 
7.13–7.98 W pump power at low PRFs of 20 kHz. These are 
mostly explained by the intense heat effects on the laser crys-
tal and Q-switch, which result in the cavity being unstable 
and a sharp drop in output power. The highest output power 
is 2.0  W with a repetition frequency of 100  kHz and an 
absorbed pump power of 6.28 W, achieving an optical con-
version efficiency of 31.8% and a slope efficiency of 33.7%. 
The pulse widths are 5.1 ns, 6.0 ns, 7.4 ns, 9.8 ns, 15.9 ns 
with the repetition frequencies of 20 kHz, 40 kHz, 60 kHz, 
80 kHz, and 100 kHz, respectively, with the absorbed pump 
power of 6.28 W, as shown in Table 1 (texp).

tcal =
2L/c

1− ln(r1)− ξ

n0 − nf

n0 − nth[1 + ln(n0/nf)]
� (1)

where c is the speed of light, L is the cavity 
length,n0 = KτPp(1 − e−1/fτ ), f is the PRF, Pp is the 
pump power, and τ is the fluorescent lifespan. The for-
mula K = ηnth/τPth, where Pth is the threshold pump power, 
η is the absorption efficiency, and nth is the threshold 
inversion density, is obtained using the equation [16]: 
nth =

1
σ
[1
l
ln (ξ

√
r1r2)

−1 + β], where σ is the stimulated emis-
sion cross-section, which can be calculated using Ref. [17], l 
is the laser crystal’s length, ξ is the single pass transmission, 
r1 and r2 are the the M1’s and M2’s reflectances, and β is the 
laser crystal’s loss coefficient. The relation:nf = n0e

−n0lσ/γ  
can be used to calculate nf, whereγ = 1− ξ

√
r1r2e

−βl  is a 
cavity loss factor. The parameters used in the theoretical 
calculations in Table 2 can be used to determine the output 
single pulse width at various repetition rates. The results are 
given in Table 1(n0, nf, tcal).

Experimental results are generally consistent with theo-
retical calculations, which show that the cavity design for 

begins to diverge after passing through 760 mm. At the posi-
tion of 820 mm, the beam size is basically the same as that 
at 700 mm (after Crystal 1), while the spherical aberration 
coefficient changes its sign, i.e., from a positive sign to a 
negative sign, however, the absolute value is basically the 
same [14, 15]. The two lenses, L3 and L4 (both with a focal 
length of 200  mm) consist of a 4  F imaging lens system 
and image Beam 1 to Beam 2 at a 1:1 imaging ratio (IR), as 
shown in Fig. 3. Thus the beam at the position of 1560 mm 
is identical to that at 760  mm, and the beam at the posi-
tion of 1620 mm (60 mm after 1560 mm) is identical to that 
at 820 mm (60 mm after 760 mm). Therefore, the beam at 
the position of 1620 mm (before Crystal 2) has a negative 
spherical aberration coefficient which is basically the same 
as that of the crystal itself (the absolute value is the same, 
but the sign is the opposite). Applying Crystal 2’s positive 
spherical aberration coefficient, the negative spherical aber-
ration coefficient is offset after the beam passes through 
Crystal 2 at the position of 1620 mm, and the beam quality 
is improved. The experimental results of the beam quality 
measurements will be shown in the next section.

3  Experimental results and theoretical 
analysis

The 1342 nm A-O Q-switched oscillator experiment is car-
ried out. With various PRFs, Fig. 4 displays the average out-
put power as a function of absorbed pump power. The output 
power increases linearly with the increase of absorbed pump-
ing power under 7.13 W. The output power at high PRF is 
significantly more than that of low PRF at a high pump level. 
It drops down quickly after peaking at a high pump power 
of 7.13 W at high repetition frequencies of 40–100 kHz. The 

Fig. 3  The beam radius distribu-
tion in the two amplifiers
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a pulse width of 15.9 ns, and a beam quality factor of 
Mx

2=1.05 and My
2=1.08. Figure 5 depicts the relationship 

between the two-stage Nd: YVO4 amplifiers’ output power 
and the total absorb LD pump power. With the absorbed 
pump power in each stage of 88.9  W, the output power 
of 12.55 W and 20.40 W are achieved from the first and 
second amplifiers with the optical extraction efficiency of 
11.87% and 8.83%, respectively. Because of the diffraction 
loss, depolarized loss, and absorption loss caused by the Nd: 
YVO4 rod and mirrors, the slope of the output power of the 
second-stage amplifier has dropped when compared to the 
first-stage amplifier. The total optical gain of the two-stage 
power amplifiers is 10.2.

A-O Q-switching is sensible and optimal. The calcula-
tion’s presumption that inversion and photon density would 
remain constant across the laser crystal’s transverse section 
could be the cause of the difference. It restricts the preci-
sion with which pulse width and pulse formative time are 
calculated [16, 18].

The oscillator laser then goes into the two power ampli-
fiers with an average power of 2.0 W, a PRF of 100 kHz, 

Table 1  The theoretical values and experimental results of the pulse 
width with different PRFs
PRF (kHz) 20 40 60 80 100
n0 (cm-3) 6.8 × 1018 3.8 × 1018 2.6 × 1018 2.0 × 1018 1.6 × 1018

nf
(cm-3)

7.4 × 1015 8.5 × 1016 1.9 × 1017 2.7 × 1017 3.2 × 1017

tcal (ns) 2.2 3.3 5.0 8.0 14.8
texp (ns) 5.1 6.0 7.4 9.8 15.9
The pulse width can be expressed as follows [7]

Table 2  Parameters used in theoretical pulse width calculations
τ 110 µs
c 3.0 × 1010 cm/s
η 0.92
Pth 0.36 W
σ 1.59 × 10− 19 cm2

l 0.8 cm
ξ 0.98
r1 1
r2 0.82
β 0.02 cm− 1

L 4 cm
Pp 6.83 W

Fig. 5  The two-stage amplifiers’ average output power to absorbed 
pump power

 

Fig. 4  The oscillator’s aver-
age output power in relation to 
absorbed pump power
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the oscillator’s beam quality degrades after goes through the 
first amplifier, and the measurement of the beam quality fac-
tor is Mx

2=1.91 and My
2=1.85. Beam quality deterioration is 

mainly caused by spherical aberration. The beam with nega-
tive spherical aberration is compensated by Crystal 2 with 
positive spherical aberration after passing through the second 
amplifier, considerably reducing the spherical aberration and 
enhancing the beam quality. As shown in Fig. 6, the final beam 
quality factor is decreased with Mx

2=1.45 and My
2=1.34.

As shown in Fig. 7(a), the laser pulse width is measured 
to be about 14.8 ns. After the two-stage amplifiers, the final 
pulse of the output laser is very smooth. Compared to the 
oscillator, the pulse width is slightly narrower, but the gain 
narrowing effect [21] is minimal. The main reason is that 
the pulse width of the laser does not reach the femtosec-
ond order. Figure  7(b) shows the output laser multipulse 

The mathematical description of the beam quality factor 
M2 for the wavefront aberrations and beam intensity distri-
butions separately [19, 20],

M2 =

√(
M2

diff

)2

+ (M2
ab)

2

where M2
ab is the phase term andM2

diff is the amplitude term. 
Spherical aberration is the dominant factor affecting the beam 
quality (M2

ab ). The laser beam is close to Gaussian intensity 
distribution at the locations of 700 mm and 1620 mm, i.e., 
theM2

diff term is close to 1. The variation of the spherical aber-
ration coefficient becomes the main part in changing the beam 
quality. Thus, as mentioned above, the beam quality deterio-
rates after 700 mm (Crystal 1) and improves after 1620 mm 
(Crystal 2). Due to Crystal 1’s positive spherical aberration, 

Fig. 7  (a) The measured beam 
single pulse distribution and (b) 
multipulse distribution

 

Fig. 6  The measured beam qual-
ity M2 factor
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distribution. The repetition rate is 100 kHz. Each pulse has 
the same shape and is relatively stable.

4  Conclusions

In this letter, a high-power, high-beam-quality, narrow-width 
pulse 1342 nm MOPA is reported. In order to obtain a narrow-
width pulse, the gain is increased in the oscillator cavity. The 
divergence angle is designed only 0.1 mrad in the Q-switched 
crystal to improve the diffraction efficiency. The experimen-
tally measured pulse widths are in general agreement with 
the theoretically calculated results. The amplifier adopts a 
two-stage double-pass structure, and in order to prevent the 
deterioration of the beam quality, the spherical aberration 
self-compensation technology is adopted. Experimentally, the 
beam quality is improved while the power is amplified in the 
second stage amplifier. Finally, a maximum average output 
power of 20.40 W is obtained with a total pump power of 
184.08 W, corresponding to an optical-optical efficiency of 
11.08%. The repetition rate and pulse width are 100 kHz and 
14.8 ns, respectively. The beam quality factor M2 is measured 
to be Mx

2=1.45 and My
2=1.34. To our best knowledge, this is 

the highest output power with a pulse width of ten-nanosec-
onds level and a repetition rate of one-hundred-kilohertz level 
by an A-O Q-switch at the wavelength of 1342 nm.
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